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1 Introduction

Biomagnetic research requires measuring systems
with the utmost sensitivity to magnetic fields. The
strongest challenge is fMEG measurements with a
typical (20 – 200) fT peak-to-peak signal
magnitude. An average R-wave magnitude of a
fMCG signal is ∼2 pT. Measuring in a frequency
bandwidth of about 100 Hz with a signal-to-noise
ratio of ∼10 demands a system noise for fMCG
measurements ∼20 fT/√Hz. Commercially available
LTS dc-SQUID systems have  a  typical  resolution
∼5 fT/√Hz  (20 mm  x  20 mm pick-up loop [1]).
A straightforward upgrade of LTS biomagnetic
measuring systems would be the use of HTS sensors
of similar resolution. This would significantly
simplify the operation and drastically increase the
cryogen hold time of the systems. An unexpected
and astonishing result of a decade of development
of HTS SQUIDs is that the field resolution of the
HTS magnetometers at 77 K was approaching and
now overlaps some LTS magnetometers operating at
4.2K. Cantor et al. [2] reported noise levels of about
24 fT/√Hz at 1 Hz and 14 fT/√Hz at 1 kHz using a
single-layer, directly coupled magnetometer with a
pickup loop 20 mm x 20 mm. Dantsker et al. [3]
achieved a resolution of 27 fT/√Hz at 1 Hz and
8.5fT/√Hz at 1 kHz using a flip-chip magnetometer
with a dc-SQUID inductively coupled to a
multilayer flux transformer having a 9 mm x 9 mm
pickup loop. It is obvious, that the sensitivity could
be additionally improved by a larger pick-up loop
with the flux transformer made on a larger wafer.
To subtract high magnetic background noise one
can use a gradiometric configuration of the pick-up
coil. Tian et al. [4] have achieved a field gradient
sensitivity of 73 fT/cm√Hz in the white noise region
and 596 fT/cm√Hz at 1 Hz  with a single layer
gradiometric flux antenna on a 5 cm Si wafer. We
have demonstrated [5] a planar HTS flip-chip
gradiometer having multilayer gradiometric flux
antenna prepared on a 3 cm wafer. A resolution of
about 40 fT/cm√Hz at frequencies above 10 Hz and
of about 100 fT/cm√Hz at 1 Hz was achieved.

In the following, we describe our present flip-chip
magnetometers and gradiometers. First we outline
the ramp-, bicrystal-, PMMA-, and AZ-techniques,
which were used for the preparation of the dc-
SQUIDs and flux transformers. We have
significantly improved our early-developed [6]
technique based on a nonaqueous Br-ethanol
etching to achieve the high sensitivity of the sensors
especially at low frequencies.
Next, we describe the layouts, capsulations, and
properties of the magnetometers and gradiometers.
Important is that the present stage of the technology
allows a reproducible preparation of the HTS
sensors with a properties at 77 K similar to the
properties of some LTS ones operating at 4.2K.

2 Preparation of the sensors

2.1 Multilayer HTS structures

The flip-chip sensor consisted from a dc-SQUID
and a multilayer flux transformer made on a
separate substrates. A single- or 30o bicrystal 1 cm x
1 cm SrTiO3 substrates were used for the
preparation of the dc-SQUIDs. The flux
transformers we have prepared on single crystal
1cm x 1 cm SrTiO3 substrates, or on a ∅3 cm
LaAlO3 or SrTiO3 wafers.
The structures were prepared from YBa2Cu3O7-x

(YBCO) and PrBa2Cu3O7-x (PrBCO) c-oriented films
by a high-oxygen-pressure dc-sputtering technique
[7]. The YBCO films show typical critical current
densities Ic of about 5 × 106 A/cm2 at 77 K and a
transition temperature Tc above 91 K. A high quality
of the used ceramic films is found to be very
important for good operation parameters of the HTS
sensors.
The HTS Josephson junctions for the dc-SQUIDs
were two types: ramp-junctions [6] or 30o bicrystal
[8] ones. The junctions had a width of about 2 µm
and a critical current of about (10 - 50) µA at 77 K.
The multiloop flux transformers were prepared with
a similar technique [6] using the PrBCO film as an
insulation layer between the windings and the return
strip. The PrBCO film prevents from a



superconducting shortage and provides a normal
conducting shunt of the flux transformer to avoid
high frequency resonances in the coil structure. A
high quality of the crossovers and vias in the
multilayer multiturn coil of the flux transformer is
essential to obtain high values of the induced
supercurrent. Mainly the critical current of the flux
transformer limits the dynamic range of the sensors.
Due to the damage-free interfaces and a gently
sloping edges produces by a Br-ethanol etching we
have achieved the critical current of the transformer
inner coil of about 100 mA at 77 K. For 8 mm
magnetometer (HTM-8) the pick-up loop has an
inductance of about 20 nH. Limited by the critical
current of the flux transformer, the dynamic range
of the magnetometer is about 50 µT (peak-to-peak).
This allows performing the measurements with this
HTM-8 in earth’s field.

a.

b.
Figure 1: a) The dc-SQUID and 8 mm multilayer
flux transformer (HTM-8) used for the flip-chip
magnetometers; b) The layout of the 16 mm flux
transformer (HTM-16).

Figure 2: The gradiometric flux transformers for
HTG-10R. The 1 mm multi-turn coil is placed in the
middle of the flux transformer.

Some layouts of the magnetometers and of the
gradiometric flux transformers are presented in Fig.
1 and 2 correspondingly. The gradiometric flux
transformers have a length of about 1 inch and a
baseline of about 10 mm.

2.2 Capsulations

To ensure a long and reliable service life for the
sensors, they need to be encapsulated. The
capsulation must be vacuum tight, because the
HTS SQUIDs are prone to deterioration in
environment, e.g., due to condensed water. We
enclose the sensors in glass-fiber epoxy
capsulations. This prevents the HTS films from
degradation by ambient atmosphere and
humidity.

 

Figure 3: An encapsulated gradiometer HTG-10R.



For user convenience the capsulation can be
adopted to the specific application. Inside the
capsulation a modulation coil and nonmagnetic Pt
resistor are integrated. The latter one is fixed to the
SQUID and serves both as a thermometer and as a
heater. The heater easily allows removal of trapped
magnetic flux to improve the noise properties of the
magnetometer. The encapsulation significantly
simplifies the handling of the magnetometers during
characterization, applications, and for the end-users.
Encapsulated HTM-8 and HTM-8-90 sensors are
shown in Fig. 2 of Ref. 9. The standard
encapsulated gradiometers are demonstrated in Ref.
14 and in Fig. 3. The flux noise of the sensors was
measured inside an open cylinder YBCO shield in
combination with a 3-layer µ-metal shield.

3 Results

We have observed that the flip-chip arrangement
significantly reduces the effective SQUID
inductance and provides a high effective area for the
sensors (see Fig. 4). The effective inductance of the
present SQUIDs inductively coupled to the flux
transformers is of about 100 pT. In Fig. 4 the flux
sensitivity of the flip-chip magnetometers is
compared with the one of the direct-coupled
magnetometers [2] and [10] having known SQUID
inductance. Because of a better inductance
matching, the large area flip-chip magnetometers
have a significant advantage in flux sensitivity
compared to direct-coupled magnetometers.
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Figure 4: Flux sensitivity “S” vs pick-up loop size
“a” for direct coupled (-) and inductively (flip-chip)
coupled (-) magnetometers.
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Figure 5: An example of noise spectrum of HTM-8,
measured inside a 3-layer µ-metal shield and a
superconducting shield .
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Figure 6: An example of noise spectrum of HTM-16,
measured inside a 3-layer µ-metal shield and a
superconducting shield.

Table 1: The flux sensitivities and noise achieved
for the flip-chip sensors.

Sensor type Flux
sensitivity

Noise at 1 kHz

HTM-8 1 nT/Φ0 20 fT/√Hz
HTM-16 0.4 nT/Φ0 6 fT/√Hz
HTG-10 2.2 nT/cmΦ0 40 fT/cm√Hz

HTG-10R 1.7 nT/cmΦ0 30 fT/cm√Hz



The noise spectra of the sensors are presented in the
Fig. 5 and 6. The typical sensitivities and noise
achieved for the flip-chip sensors are listed in the
Table 1.
Actually, the present sensors demonstrate a flux
noise from 15 to 20 µΦ0/√Hz. This seems to be not
the best flux noise for the SQUIDs with a 100 pH
loops. This means that there is a significant
potential for the further improvements in the
achieved field and the field gradient resolution in
the future.

4 Summary
The developed HTS sensors have a sensitivity and
reliability sufficient for many practical biomagnetic
applications. The encapsulated magnetometers have
a white noise ∼6 fT/√Hz (77K) and the encapsulated
planar  gradiometers  have  a  gradient resolution
∼30 fT/cm⋅√Hz (77K). The resolution of the sensors
can be additionally improved in future. The
magnetometers and gradiometers are able to operate
without magnetic shielding. The user-friendly
capsulation for the sensors includes a heater and a
feedback coil. This makes handling of the sensors
safe, reproducible, and convenient. Production of
both magnetometers and gradiometers in a small
series has been demonstrated and is sufficient for
the construction of multichannel HTS systems.
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